The complete nucleotide sequence of beet necrotic yellow vein virus RNA-1 is presented. The RNA molecule is 6746 nucleotides long excluding the poly(A) tail and has one long open reading flame encoding a polypeptide of M r 237 389. The 3' terminal 60 residues of BNYVV RNA-1 display extensive sequence homology with the corresponding portions of BNYVV RNA-2, -3 and -4. Additional 3' terminal homology exists between RNA-1 and -2. The sequence of the M r 237389 RNA-l-encoded polypeptide shares domains of amino acid homology with polypeptides thought to be involved in replication of RNA from tobacco mosaic virus and several other viruses. Amino acid sequence homologies between two open reading frames of BNYVV RNA-2 and two frames of RNA-fl from barley stripe mosaic virus have also been detected.
INTRODUCTION
Beet necrotic yellow vein virus (BNYVV) is a multicomponent soil-borne rod-shaped virus responsible for a severe disease of sugarbeet called rhizomania (Tamada, 1975) . Field isolates of BNYVV typically contain four single-stranded Y-capped and Y-polyadenylated plus-sense RNA molecules (Putz, 1977; Putz et al., 1983) . BNYVV RNA-2 [4612 nucleotides, excluding the poly(A) tail], RNA-3 (1774 nucleotides) and RNA-4 (1467 nucleotides) have already been sequenced (Bouzoubaa et al., 1985 . In this paper, we report the complete sequence of 6746 nucleotides for RNA-1, thus completing the molecular description of the BNYVV genome. Similarities of sequence and genetic organization between BNYVV and other RNA viruses are described.
METHODS cDNA synthesis and cloning. RNA-l-specific cDNA clone pBF5 was prepared from RNA of BNYVV isolate F2 as described previously . Other RNA-l-specific cDNA clones were prepared with RNA from isolate F13, a subisolate ofF2 . In this case the primers for first-strand cDNA synthesis were synthetic oligodeoxyribonucleotide primers 15 to 22 residues in length complementary to portions of RNA-1 close to the 5' limit of the known sequence. The oligodeoxyribonucleotides were synthesized with an Applied Biosystems 381A apparatus and purified by polyacrylamide gel electrophoresis. Clones pBF51 and pBF5201 were obtained by directly cloning dC-tailed RNA-cDNA hybrids into Pstl-linearized dG-tailed pUC9 . Clones pBF5220, pBF541 and pBF542 were obtained by treating the hybrid with RNase H (Bethesda Research Laboratories) and DNA polymerase I (Boehringer) (Okayama & Berg, 1982; Gubler & Hoffman, 1983) prior to dC-tailing and cloning. For clone pBF553 second-strand synthesis was primed by a synthetic oligodeoxyribonucleotide corresponding to nucleotides 1 to 23 of RNA-1.
Recombinant clones were screened for large inserts by restriction enzyme analysis and the selected clones were screened for RNA-l-specific sequences by Northern hybridization to viral RNA using nick-translated plasmid DNA from candidate clones as probe (Bouzoubaa et al., 1985) . This test proved necessary to eliminate clones containing RNA-2 and -3 specific cDNA which occurred frequently in spite of the fact that care was taken to choose primer sequences with a minimum of complementarity with the known RNA-2 and -3 sequences.
Sequence analysis, cDNA inserts were sequenced by partial chemical degradation (Maxam & Gilbert, 1977) after digestion with appropriate restriction enzymes and 32p end-labelling or by subcloning restriction fragments into M13mpl0 or M13mpl 1 (Messing, 1983) for sequencing by the dideoxyribonucleotide chain termination 0000-7411 O 1987 SGM method (Sanger et al., 1977) . Sequence results were also obtained by primer extension of 5"-a2pqabelled synthetic primers hybridized to RNA-1 and analysis of the 5'-labelled cDNA transcript by partial chemical degradation . The sequence was determined on both strands over about 75~ of its total length.
Data were manipulated with UWGCG programs (Devereux et al., 1984) on a VAX 11/750 minicomputer. DNA and amino acid sequence homologies were compared by the matrix method (Maizel & Lenk, 1981) using the programs COMPARE and DOTPLOT. Amino acid homology scoring was with the modified MDM78 matrix (Staden, 1982) normalized by multiplication by 0.1. Stringencies of 32.0 to 33-0 were used for a 30 amino acid window. Homologous regions were aligned with the program BESTFIT using a direct identity matrix for DNA comparisons (gap penalty 5, gap length penalty 0.3) and the log odds matrix for 250 accepted point mutations (normalized by multiplication by 0.25) of Dayhoffet al. (1978) for polypeptides. In the latter case a gap penalty of 4 and gap length penalty of 0.15 were used. Quality was calculated as number of matches -(0.05 x number mismatches) -(gap penalty x number of gaps) -(gap length penalty × total length of gaps). All scores greater than or equal to 0-5 in the normalized log odds matrix were counted as matches. Fig. 1 presents a map of the insert positions for the seven cDNA clones used to analyse the BNYVV RNA 1 sequence. Clone pBF5 was obtained previously by the method of Heidecker & Messing (1983) with PstI-linearized dT-tailed pUC9 as the first-strand primer during cDNA synthesis. The pBF5 insert has a poly(A) tail of about 100 nucleotides (nt) at one extremity, thus demonstrating that the insert extends to the 3' terminus of the RNA molecule and defining the orientation of the sequence. Once the sequence of pBF5 was completed an oligodeoxyribonucleotide of 15 nt (primer l, Fig. 1 ) complementary to the sequence near its 5' extremity was synthesized and used to prime further cDNA synthesis, yielding clones pBF5220 and pBF51 which were in turn sequenced. The sequence was used as a guide for synthesis of a second'primer (primer 2) and so on. Unfortunately, the longest cDNA inserts obtained by this procedure were only about 1200 nt in length so that it had to be carried out three times before obtaining pBF541 (Fig. 1) , which extends to within 594 nt of the 5' end (all numbering refers to the final sequence).
RESULTS AND DISCUSSION

Sequence analysis
Initial attempts to clone cDNA covering the final 600 nt were unsuccessful. Therefore, this portion of the sequence was characterized by direct analysis of cDNA synthesized by reverse transcription from appropriate 32p-labelled synthetic primers. About 300 residues of sequence could be read with confidence in this fashion so that three cycles of primer synthesis/cDNA sequence analysis, using primers 5, 6 and 7 in Fig. l , were necessary to span the gap. The extreme 5' terminal sequence was obtained using end-labelled cDNA extended from a primer complementary to nt 109 to 129 (primer 7 in Fig. 1 ). This cDNA sequence could be read with confidence up to and including the nucleotide complementary to the first residue of the RNA molecule . Finally, a primer identical in sequence to nt 1 to 23 of the RNA was synthesized and used to prime second-strand synthesis upon cDNA synthesized from primer 5. This cDNA was cloned (pBF553, Fig. 1 ) and analysis of its sequence confirmed the results provided by primer extension,
The complete sequence of BNYVV RNA-1 is 6746 residues in length ( Fig. 2 ) which, assuming poly(A) tails of approx. 100 nt (Putz et al., 1983) , is within 5 ~ of the length of 7100 nt estimated for methylmercury(II) hydroxide-denatured RNA-1 by agarose gel electrophoresis .
Homology among the four BNYVV RNA species
Homology among the four BNYVV RNA sequences is limited to their extremities. At their 5' extremities all four molecules begin with short runs of A, A 3 in the case of RNA-1, -2 and -4 and A4 for RNA-3 (Fig. 3) . These sequences could form part of the promoter for second-strand RNA synthesis. G residues are significantly under-represented in the first 30 or 50 residues of all four BNYVV RNA, as is also the case for the 5' non-coding regions of several other plant viral RNA, e.g. tobacco mosaic virus (TMV) (Richards et al., 1978) , alfalfa mosaic virus (AMV) RNA-4 (Koper-Zwarthoff et al., 1980) and carnation mottle virus . Regions sequenced by primer extension on RNA with synthetic oligodeoxyribonucleotide primers are indicated by arrows with the primer used in such analysis or in cDNA synthesis for cloning identified by number. The primers were complementary to the following residues of the final RNA-1 sequence: 1, nt 3845 to 3860; 2, nt 3293 to 3307; 3, nt 1527 to 1545; 4, nt 1229 to 1250; 5, nt 622 to 642; 6, nt 269 to 278; 7, nt 109 to 129. pBF542 was produced with primer 3 but the clone did not extend back to the primer sequence.
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At their 3' termini we have already shown that extensive sequence homology exists over the last 200 residues of RNA-3 and -4 (Bouzoubaa et al., 1985) and over the last approx. 70 residues of RNA-2 . Fig. 4 depicts a sequence alignment for the 3' terminal regions of all four RNA. The region A of RNA-2 which is homologous to much of domain A of RNA-3 and -4 is also present on RNA-1 with only three mismatches in 51 positions compared to RNA-2. Preceding this region on RNA-1 and -2 are two short homologous domains E and D and a longer region of homology F (Fig. 4) . Regions A, D, E and F fall in the same order on RNA-1 and -2 but the spacing between them varies considerably. There is also homology between domain E of RNA-1/2 and a portion of domain B of RNA-3/4 as well as between portions of domains F and C (Fig. 4) . Both of these alignments are of only limited extent, however, involving 13 residues (with two mismatches) for the aligned pair E/B and 12 residues with one mismatch for the pair F/C. Thus while the 3' terminal sequences of RNAs 1 to 4 are clearly all related to one another the sequence homologies suggest that they may be further divided into two subgroups with RNA-1 and -2 forming one pair and RNA-3 and -4 the other.
For propagation, BNYVV is commonly transferred by mechanical inoculation from infected sugarbeet roots to leaves of Chenopodium quinoa. Isolates maintained in this host are often but not always found to lack one or both of RNA-3 and -4 or to contain deleted forms of these molecules Kuszala et al., 1986; Burgermeister et al., 1986) . Thus the two smallest RNA are certainly not necessary for virus multiplication in Chenopodium quinoa. In infected sugarbeet roots, on the other hand, full length RNA-3 and -4 are always present suggesting that RNA-3 and -4 may be essential parts of the BNYVV genome under the natural conditions of soil transmission and multiplication in roots but not under the artificial conditions of propagation in leaves. Under the latter conditions, RNA-3 and -4 could persist as satellites, undergo deletion or disappear entirely from the inoculum. In this regard, the extensive 3' terminal sequence homology noted above strengthens the view that RNA-3 and -4 are in fact part of the BNYVV genome since such homology is like that displayed by genomic RNA for a number of multi-component viruses (Davies & Hull, 1982) but is unlike the situation for known authentic plant satellite RNA, which generally have little if any sequence homology with the helper genome (Mutant & Mayo, 1982) .
Coding capacity of RNA-1
RNA-1 contains a long open reading frame extending for 2109 codons from AUG(154), the first potential initiation codon in the sequence, to UAA(6481) (Fig. 2) . No other open reading frame of more than 60 amino acids is present. The calculated Mr of the translation product of 
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The coding capacity of all four BNYVV RNA is depicted in Fig. 5 . Computer-assisted sequence comparisons with proteins encoded by several RNA viruses reveal domains of homology common to non-structural proteins thought to be involved in viral replication (Haseloffet al., 1984; Kamer & Argos, 1984; Ahlquist et al., 1985; Ali Rezaian et al., 1984 . The BNYVV 237K polypeptide also contains sequences of this sort. Fig. 6 (a and b) shows portions of the TMV P 126 protein and the overlapping readthrough protein P 183 aligned with corresponding parts of the BNYVV 237K polypeptide. The location of the homologous domains on the genetic map of each virus is given in Fig. 6(c) . Note that the regions shown (T1 and T2 of TMV, B1 and B2 of BNYVV) are those of greatest homology; the alignments can be extended in both directions from these core sequences although with less confidence. Haseloffet al. (1984) and Ahlquist et al. (1985) have aligned the TMV T1 and T2 regions with the RNA-1-and -2-encoded proteins of the tripartite viruses AMV and brome mosaic virus (BMV) and with portions of the Sindbis virus p270 non-structural polyprotein. Kamer & Argos (1984) have extended the set of homologies characteristic of the readthrough portion of the TMV P183 protein (T2) to include cowpea mosaic virus and the picornaviruses. These comparisons provide a consensus alignment in which certain residues are conserved in virtually all members of the set. Fig. 6 shows that these consensus residues are with few exceptions also present in the aligned BNYVV sequence, thus suggesting involvement of the BNYVV 237K polypeptide in viral RNA replication and a certain generality as to the mechanism. It should be noted, however, that homology also exists between the N-terminal regions of the Sindbis virus P270 polyprotein, TMV P126 and the AMV and BMV RNA-2 proteins (Ahlquist et al., 1985) . A counterpart of this domain in the BNYVV 237K polypeptide, if it exists, is below the level of homology readily detectable by the search methods used.
Nothing is yet known concerning the translation strategy of BNYVV RNA-1 in vivo but in a previous cell-free translation study using rabbit reticulocyte lysate, RNA-1 was found to direct synthesis of 50K and 150K polypeptides as well as lesser amounts of an approx. 200K species . In view of the sequence results it appears probable that these three polypeptides all have the same N terminus with the shorter products arising by premature termination or ribosome 'stalling' (Lindhout et al., 1985) although alternative interpretations such as internal initiation cannot be conclusively ruled out. When translated in a wheat germ system, RNA-1 directs synthesis of comparable amounts of two very long polypeptides, one of about 200K and one which is slightly longer (data not shown). The latter species could correspond to translation of the entire RNA-1 open reading frame.
Homology between BNYVV RNA-2 and barley stripe mosaic virus RNA-fl Barley stripe mosaic virus (BSMV) is a tripartite virus for which, like BNYVV, synthesis of coat protein is directed by the second largest genomic RNA (RNA-fl) (Gustafson & Armour, 1986) . The complete nucleotide sequence of RNA-fl from the type strain of BSMV has recently been reported (Gustafson & Armour, 1986) I I  ~450 TTTAATATTAATAATCAGGG  CCATGCCACAGGCCTC  CTA,I*I~GGGTTGTTC  I III  ~II  IIII IIIIIII  II  t~ . Solid bars represent 3' terminal homologous sequences common to all four RNA and the hatched bars the position of 3' terminal homologous sequences found only in RNA-3 and -4.
(a) which code for viral coat protein, and polypeptides of 58K, 14K and 17K. The coat protein cistron lies nearest the 5' terminus of the R N A , the cistron for the 58K polypeptide occupies the central portions of the R N A and the 17K coding region is nearest the 3' end (Fig. 8c) . The cistron for the 14K polypeptide overlaps the 3' end of the 58K cistron, the 5' portion of the 17K cistron and the region which separates them (Fig. 8 c) .
In view of the superficial resemblance in genetic organization between BNYVV RNA-2 and BSMV RNA-fl, homology dot plots were generated for all possible pairwise combinations of the proteins encoded by the two R N A . Such analysis reveals extensive amino acid homology between the BNYVV 42K polypeptide and the C-terminal half of the BSMV 58K polypeptide, and between the BNYVV 13K and BSMV 14K proteins (Fig. 7) . Detailed alignments are shown in Fig. 8(a) and (b) . These alignments are statistically highly significant according to the empirical test of Doolittle (1981) . The quality scores for the 42K/58K (Fig. 8a ) and 13K/14K (Fig. 8b) alignments are, respectively, 17.7 and 24-5 standard deviations above the means of the quality scores obtained by reiterative comparisons of the same sequences after randomization. A difference of more than 3 standard deviations in this test is normally accepted as indicating statistical significance (Doolittle, 1981) .
No information is yet available for either virus concerning the roles these homologous polypeptides might play in the virus multiplication cycle but the very existence of such homologies provides evidence that the open reading frames in question do in fact correspond to expressed genes. Such assurance is particularly comforting for the short 13K BNYVV and 14K BSMV coding regions. The homologies would also seem to indicate that BNYVV and BSMV are more closely related than hitherto suspected. Fig. 6 . BESTFIT alignments of regions TI and B1 (a) and T2 and B2 (b) of the TMV and BNYVV RNA-t large non-structural proteins. Identical aligned amino acids are indicated by vertical lines and favoured substitution [score 0.5 in the normalized log odds matrix (see Methods)] by two dots. Single dots indicate alignments of S and T. Closely similar alignments were generated using a direct identity scoring matrix. In (a) asterisks above the sequence refer to residues conserved in the alignment of the TMV sequence with that of TMV, AMV, BMV and Sindbis virus (Ahlquist et al., 1985) . In (b) double asterisks denote strictly conserved residues and single asterisks conserved familial residues in the alignment of Kamer & Argos (1984) . The underlined sequences indicate sequence motifs conserved in the sequence of the putative replicases of all plus-strand RNA viruses which have been sequenced to date (Guilley et al., 1985 and further observations) . (c) Genetic organization of TMV RNA and BNYVV RNA-1. The positions of the homologous domains TI and T2 on TMV and B1 and B2 on BNYVV RNA-1 are indicated. The small arrow represents the leaky termination codon whose readthrough gives rise to P183 (Pelham, 1978) . . The star in the BSMV map indicates the position of the tRNA-like structure following the internal poly(A) tract (Gustafson & Armour, 1986) .
CONCLUSIONS
With this report, BNYVV becomes the eighth plant RNA virus for which complete sequence information is available. In genome organization BNYVV shares features with certain other plant viruses while other properties set it apart. In particular, BNYVV joins the tobraviruses (Harrison & Robinson, 1978) , soil-borne wheat mosaic virus (SBWMV) (Hsu & Brakke, 1985) and Indian peanut clump virus (IPCV) (Mayo & Reddy, 1985) in expressing its coat protein as a primary translation product of its second largest RNA. In both BNYVV and SBWMV (Hsu & Brakke, 1985) the coat protein cistron can be read through to produce longer polypeptides. BNYVV RNA are 3' polyadenylated, however, but those of SBWMV, IPCV, BSMV and the tobraviruses are not (Harrison & Robinson, 1978; Kozlov et al., 1984; Hsu & Brakke, 1985; Mayo & Reddy, 1985) . Furthermore, SBWMV, IPCV and the tobraviruses have bipartite genomes (Harrison & Robinson, 1978; Shirako & Brakke, 1984; Reddy et aL 1985) but, as noted above, the genome of BNYVV may well consist of four components, at least when propagated in its natural host.
We have shown in the preceding section that there are similarities in overall genetic organization between BNYVV RNA-2 and RNA-/~ of BSMV as well as homologies at the amino acid sequence level. The other RNA components of BSMV, however, differ significantly from their counterparts in BNYVV: (i) BSMV RNA-~, although it resembles BNYVV RNA-1 in directing synthesis of a long polypeptide (Dolja et al., 1983) , is only about half the length of BNYVV RNA-1 ; (ii) BSMV RNA-y is dicistronic, encoding 75K to 85K and 17K polypeptides, the latter expressed from a subgenomic RNA (Gustafson et al., 1981 ; Dolja et al., 1983; Jackson  et al., 1983) . Thus BNYVV appears to possess a unique spectrum of characteristics distinguishing it from all known groups of plant RNA viruses.
